Fbxo7 is a conserved protein in higher eukaryotes that belongs to the F-box protein family. Fbxo7 is the substrate-recognition component of the SCF Fbxo7 (Skp1-Cul1-Fbox protein) E3 ubiquitin ligase. Besides the F-box motif, Fbxo7 also contains a C-terminal proline-rich region, an N-terminal ubiquitin-like domain and a novel FP (Fbxo7/PI31) domain preceding the F-box motif. The FP domains of Fbxo7 and the PI31 proteasome inhibitor mediate interaction between the two proteins. For structure determination of the FP domain of Fxbo7, a protein construct (amino acids 181-335) corresponding to the FP domain was expressed, purified and crystallized. The native and selenomethionine-labeled proteins crystallized in different crystal forms. Native and singlewavelength anomalous dispersion data sets with diffraction to 2.1 and 2.0 Å resolution, respectively, have been collected and structure determination is in progress.
Introduction
F-box proteins belong to a large protein family that is characterized by the presence of the F-box motif, a loosely conserved $40-50 amino-acid motif involved in protein-protein interaction in eukaryotes (Kumar & Paietta, 1995; Bai et al., 1996) . In most F-box proteins, the F-box motif accounts for only a small fragment of the sequence; the majority of the sequence harbors a wide variety of other motifs. Two of the most common protein-protein interaction motifs besides the F-box are WD40 repeats and the leucine-rich repeats. F-box proteins containing these two motifs are classified into the Fbxw and Fbxl subfamilies, while the other F-box proteins are classified into the Fbxo subfamily (Cenciarelli et al., 1999; Winston et al., 1999) .
F-box proteins are best known for their critical involvement in the ubiquitin-proteasome system (Hershko, 2005) . This system mediates the selective destruction of many regulatory and misfolded/unfolded proteins. In the ubiquitin-proteasome pathway, proteins targeted for destruction are conjugated with multiple copies of the small protein ubiquitin. This ubiquitination process is carried out by the successive action of three key enzymes: the ubiquitin-activating (E1), ubiquitinconjugating (E2) and ubiquitin-ligating (E3) enzymes. The polyubiquitinated proteins are subsequently degraded by the 26S proteasome.
In the ubiquitin-proteasome system, the E3 ligases are responsible for recruiting specific target proteins and catalyzing the transfer of ubiquitin from the E2 enzymes to the targets (Jackson & Eldridge, 2002) . The E3 ligases are very diverse. They can be either single proteins or multi-component protein complexes. The largest group of E3 ligases is the SCF complex that contains four components: Skp1 (S-phase kinase-associated protein 1), cullin1, Rbx1 (RING-box protein 1) and an F-box protein. Cullin1 is a rigid and elongated molecule that binds Skp1 and Rbx1 at its N-terminus and C-terminus, respectively, keeping these two subunits $100 Å apart. Rbx1 in turn binds a ubiquitin-charged E2 enzyme while Skp1 binds the F-box protein subunit through interaction with the F-box. The F-box proteins recruit the substrates to the SCF complexes (Schulman et al., 2000; Zheng et al., 2002; Wu et al., 2003; Goldenberg et al., 2004; Hao et al., 2007; Mizushima et al., 2007; Zeng et al., 2010) . The F-box proteins are the specificity components of the SCF-type E3 ligase complexes. The existence of a large number of diverse F-box proteins provides the recognition specificities for various substrates.
F-box only protein 7 (Fbxo7) belongs to the Fbxo subfamily of the F-box proteins (Hsu et al., 2004; Laman et al., 2005) . It has been shown that Fbxo7 can serve as a component of functional SCF complexes. The ubiquitination and proteasomal degradation of HURP (hepatoma up-regulated protein), cIAP1 (cellular inhibitor of apoptosis protein 1) and TRAF2 (TNF receptor-associated factor 2) are mediated by SCF Fbxo7 (the F-box protein component is indicated by the superscript; Hsu et al., 2004; Chang et al., 2006; Kuiken et al., 2012) .
Fbxo7 also interacts with other proteins that are not substrates for ubiquitin-mediated degradation, including p27, Cdk6 and PI31 (Laman et al., 2005; Kirk et al., 2008) . Selective binding of Fbxo7 to Cdk6 enhances the assembly and activity of cyclin D-Cdk6 complexes, which are responsible for the ability of Fbxo7 to transform murine fibroblasts. The biological function of Fxbo7-PI31 interaction is not clear at the present time. However, a similar interaction was observed between the DmPI31 and Nutcracker (an Fbox protein that is homologous to Fbxo7) proteins in Drosophila. Nutcracker binding stabilizes DmPI31 and they form a regulatory complex that controls proteasome activity (Bader et al., 2011) .
Fbxo7 has been implicated in cancers and neurodegenerative disease. It has been shown that Fbxo7 is overexpressed in tumors of the lung and colon (Laman et al., 2005) . It has also been shown that mutations in the Fbxo7 gene (fbxo7) caused PARK15, an early-onset Parkinsonian disease (Shojaee et al., 2008; Di Fonzo et al., 2009) .
Besides the F-box motif (amino acids 329-379), Fbxo7 also contains a ubiquitin-like domain (Ubl; amino acids 1-78), a Cdk6interacting motif (Cdk; amino acids 129-169), an Fbxo7/PI31 domain (FP; amino acids 180-324) and a proline-rich region (PRR; amino acids 423-522) (Kirk et al., 2008) . The PRR is most likely to be unstructured. It mediated specific binding and recruitment of HURP and cIAP1 to the SCF Fbxo7 ligase complex (Hsu et al., 2004; Chang et al., 2006) . The FP domain was identified in Fbxo7 and the proteasome inhibitor PI31 based on sequence homology between corresponding regions of the two proteins. It was shown that the FP domains in Fbxo7 and PI31 mediated homodimerization and heterodimerization of the proteins. FP domains have also been identified in Nutcracker and DmPI31 proteins in Drosophila. The crystal structure of the FP domain of PI31 has been determined, which features a novel / fold (Kirk et al., 2008) . In this study, we aim to determine the crystal structure of the FP domain of Fbxo7. In spite of the emerging biological and physiological significance of Fxbo7, no structural study on this protein has been reported. The structure of the FP domain of Fbxo7 will provide insights into the protein-protein interaction mechanism of this important protein.
Materials and methods

Cloning
A cDNA clone for the full-length human Fbxo7 (GenBank BC008361) was purchased from DNASU Plasmid Repository. The protein product of this cDNA corresponds to the Fbxo7 isoform 1 with GenBank accession No. NP_036311. The DNA encoding the FP domain (residues 181-335) was amplified by PCR from the plasmid with the forward primer 5 0 -CAAGGACCGAGCAGCCCCTCA-CATTCATTAGAGACCTTGTATC-3 0 and the reverse primer 5 0 -ACCACGGGGAACCAACCCTTAGAGGACGACCAACCCAAA-TAC-3 0 . Both of these primers contain 21 nt at the 5 0 -end as a specific sequence for ligation-independent cloning (LIC). The PCR product was purified by agarose gel electrophoresis and processed by T4 DNA polymerase in the presence of 2.5 mM dATP to generate 5 0overhangs at both ends. The cloning vector is an in-house modified LIC vector that contains DNA sequences encoding the HaloTag (Los et al., 2008) , His tag and an eight amino-acid recognition sequence for HRV 3C protease in front of a specific LIC sequence. The vector was linearized by SmaI digestion and subsequently processed by T4 DNA polymerase in the presence of 2.5 mM dTTP to generate 5 0 -overhangs at both ends. The processed PCR insert and vector were mixed and incubated at room temperature for 20 min. The mixture was used to transform DH5 Escherichia coli competent cells. Protein expression was carried out using NiCo21 (DE3) E. coli cells (New England Biolabs).
Protein expression and purification
The FP domain of Fbxo7 was expressed in E. coli as a fusion protein with an N-terminal HaloTag and His tag. After removal of the tags by HRV 3C protease, the target protein contains an artificial sequence GPSSP at the N-terminus. Protein expression was induced by a 0.4 mM final concentration of IPTG when the cell culture reached an OD 600 of 0.6-0.8. After induction, the temperature was lowered to 288 K and the culture was allowed to grow overnight. Expressed proteins were purified by NTA affinity resin. The fusion tags were then cleaved by HRV 3C protease. The cleaved tags were separated from the target protein by a reverse IMAC (immobilized metal-affinity chromatography) process with NTA resin. The purified proteins were concentrated to $10 mg ml À1 in a buffer consisting of 25 mM Tris pH 7.5, 200 mM NaCl, 1 mM DTT.
For selenomethionine-labeled protein, the cells were grown in M9 minimal culture until reaching an OD 600 of 0.6-0.8. Six amino acids, leucine, isoleucine, lysine, phenylalanine, threonine and valine, were added to the culture at a final concentration of 50-100 mg l À1 to inhibit the methionine-biosynthesis pathway. After 30 min of continuous incubation, l-selenomethionine (SeMet) was added to a final concentration of 50 mg l À1 . Protein expression was induced by 0.4 mM final concentration of IPTG at 288 K overnight.
Crystallization and data collection
Crystallization trials were carried out using 96-well-format plates. 6 Â 96 in-house prepared screening solutions (using various PEGs as the precipitants) were used in the trials. Multiple crystallization conditions were identified within a few days. After optimizing the crystallization conditions, diffracting crystals of the Fbxo7 FP domain were obtained at 295 K by sitting-drop vapor diffusion against 50 ml well solution using 96-well-format crystallization plates. The crystallization drops contained 1 ml protein sample mixed with 1 ml well solution. Two crystal forms were obtained. Crystals in space group P4 3 2 1 2 were obtained with a well solution consisting of 20% PEG 3350, 50 mM MOPS buffer pH 7.0, 100 mM KBr, 10%(v/v) glycerol. Crystals in space group P2 1 2 1 2 1 were obtained with a well solution consisting of 20% PEG 3350, 50 mM MES buffer pH 7.2, 100 mM KBr, 10%(v/v) glycerol. Crystals were flash-cooled in liquid nitrogen.
Data collection was carried out on beamline 21ID-D of LS-CAT at the Advanced Photon Source (Argonne National Laboratory). Data were processed, integrated and scaled with the programs MOSFLM and SCALA in the CCP4 suite (Battye et al., 2011) .
Results and discussion
The FP domain of Fbxo7 was predicted to contain residues 180-324 of the protein. In this study, our FP-domain construct contains residues 181-335. The protein was expressed in bacteria as a fusion protein with a HaloTag and a His tag to facilitate expression and purification of the protein. After purification, the tags were removed by the very efficient and specific HRV 3C protease. The target protein for crystallization contains an artificial pentapeptide sequence GPSSP at the N-terminus as a cloning artefact resulting from the 3C protease-recognition sequence and the LIC sequence of the cloning vector. However, the presence of the artificial sequence did not seem to interfere with crystallization of the protein.
Native and SeMet-labeled protein samples were prepared. Both samples yielded diffraction-quality crystals under similar crystallization conditions. Although all of the crystals had an elongated rodshaped appearance, two different crystal forms existed for each of the two protein preparations, in space groups P4 3 2 1 2 and P2 1 2 1 2 1 . Many data sets were collected at the Se peak wavelength (0.97872 Å ). Finally, the highest-resolution (2.1 Å ) data set in space group P2 1 2 1 2 1 was collected from a single native crystal and the highest-resolution (2.1 Å ) data set in space group P4 3 2 1 2 was collected from a single SeMet-labeled crystal (Fig. 1) . Data-collection and processing statistics are presented in Table 1 .
The crystallization protein construct has a calculated molecular weight of 17 743.7 Da. For the crystal in space group P4 3 2 1 2 the asymmetric unit can accommodate only one molecule, with a solvent content of 41.2%. For the crystal in space group P2 1 2 1 2 1 the asymmetric unit can accommodate either one or two molecules, with a solvent content of 65.7 or 31.4%, respectively. In summary, we have successfully expressed, purified and crystallized a protein construct corresponding to the FP domain of human Fbxo7. High-quality native and SAD (single-wavelength anomalous dispersion) data sets have been collected. The SeMet-labeled protein contains three SeMet residues, which should provide an adequately strong anomalous signal for solving the structure in space group P4 3 2 1 2 using the SAD phasing method. The structure in space group P2 1 2 1 2 1 can then be solved using the molecular-replacement method. The structures will provide the much needed structural information for Fbxo7.
Figure 1
Crystals of the FP domain of the human F-box protein Fbxo7. The crystals were yielded by SeMet-labeled protein. 
